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|- The photoreceptor lattice is a highlv ordered hexagonal array, ‘The above

Eoveal Spatisl Discriminations are hvperacuity tasks) Results from these

§tudies have shown that in human vision both spatial -frequency discrimination

" and line-separation discrimination (above 4 cycles/degree of visual angle) are
hyperacuity tasks where performance far exceeds the resolution expected based
on photoreceptor spacing. This observation had not been made before and serves
to unify models of discrimnation and hyperacuity.

patial-frequency and line-separation discrimination (Af/f and as/s) ~
above approximately 2 (c/deg) is not a smooth function of spatial frequency (as
previously assumed) but instead is regularly segmented about a comstant value
(0f/f is approximately 0.025 ). This characteristjic. of the discrimination
function may reflect the engineering of Weber’'s Law as well as the existence of
& neural scaling metric. ,

*'The discrimination segments can be related to retinal sampling,
e segments in the spatial-frequency and line-separation discrimination

functlons are related to an underlying neural structure that reflects the
sampling properties (center-to-center spacing) of the foveal mosaic. Each
segment corresponds to a discrete level of performance that is either equal or
proportional to photoreceptor spacing. This is a new approach to models of
spatial vision,

v'Scaling wechanisms apply to low resolutjon tasks. The spatial-frequency
/ﬁiscrlmlnatlon function (8f/f vs f) below 2 c/deg also shows evidence for
segmentation similar to the higher spatial fregtency range - except that the
fundamental unit is about 7 or 8 times‘;he//énter to-center spacing of foveal
cones. This observation suggeststhat for low spatial frequency tasks (large
spatial intervals) the effective sampling lattice may consist of receptive
fields instead of photoreceptors. Accordingly, the notion of hyperacuity may
be generalized to low resolution tasks where neural interpolation occurs not
only on the photoreceptor sampling lattice to achieve hyperacuity, but also on
receptive field sampling lattices to achieve lower resolutions.

findings and the apparent reflections of lattice sampling propprties in spatial
vision have led to an investigation of the primate lattice stfucture. An
analysis stratégy was developed to quantify the two-dimemsional spatial
(crystalline) quality.of the primate photoreceptor lattice (digitized from
electrponmicrographies*by Wm. H. Miller). This new technique has yielded an
index pf-positional vaxlance by accumulating expected and observed positional
aevigtions over thq'lattice surface. The primate foveal lattice (contrary to
prior proposals) quﬁfdund to be an extremely regular and hexagonal
(triangular) structure supporting the notion that the photoreceptor lattice
could provide the primary source of geometrical information for the visual
system. That is, neursl representation of the lattice could provide a ‘ruler’
for spatial vision.

: Both spatial frequency
discrimination and vernier acuity (a classical hyperacuity task) show an
orientation dependence that contains a component with hexagonal symmetry
suggesting that the two dimensional sampling properties (hexagonal packing) of
the photoreceptor mosaic are reflected in mechanisms of spatial vision.

A.pew 'metric’ model of spatial visjon is based on visual sampling. A Scaled
Lattice Model of spatial vision based on alternative sets of neural scales
fundamentally related to retinal sampling has been formally proposed. The
model allows scale free spatial processing while retaining the advantages of
linear maps and offers an alternative explanation for many spatial vision tasks
such as types of separation discrimination and hypercuity.
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1. Research Objectives

The previous study was subdivided into five objectives, Each objective
represented an approach to imnvestigate the limits of human spatial discrimination
and to relate the findings to the sampling properties of the photoreceptor arrey.

The five objectives are listed below,

Objective 1. To study how the limits of spatial frequency discrimination are
related to hyperacuity performance and neural jinterpolation,

Objective 2. To study how spatial frequency discrimination varies as a function of
stimulus orientation,

Objective 3. To determine the limits of spatial frequency discrimination for very
low spatial frequencies.

Objective 4. To investigate the quality of the primate photoreceptor lattice and
relate the structurel properties of the foveal retinal mosaic to the ’'meural
metric' employed in hyperacuity tasks.

Objective 5. To develop a model of spatial discrimination based on spatial
properties ratbher than contrast,

2. Status of the Research Effort

Objective 1: TO STUDY BO¥ THE LIMITS OF SPATIAL-FREQUENCY DISCRIMINATION ARE
RELATED TO HYPERACUITY PERFORMANCE AND NEURAL INTERPOLATION,

The accuracy with which the human visual system is able to estimate positions
of lines (as in the case of vernier acuity) exceeds the resolution Of the
pbotoreceptors mosaic. This extraordinsry sense of image position requires some
form of peural interpolation in order to achieve such a fine grained representatjon
(Barlow, 1979, Westheimer, 1979, Fahle and Poggio, 1981). In recemt years much
attention has been given to the spatial fregquency properties of the eye., However,
the limits of suprathreshold frequency discrimination have not previously been
related to the limits of separation discrimimation.

Methods and Procedures for Objective 1

Stimuli were vertical sinusoidal spatial frequency gratings electromically
generated on the face of s CRT (Tektronix 606, P31 phosphor), The gratings were
calculated by a PDP 11/03 computer and stored in digital display generating
hardware.

AIRFGR?ECFF'HE(W'SCIENTIFICEESEARSH!AFS:)
NOTICE OF TRANSMITTAL TOSTIC )

This technicnl report h s tewn reviewed and s
npprovedfcrpuhlicrele'selAWAFRISD-LZ.
Dictributicn is unlimited,

NATTHEN 7. KERTER
Chict.TechvtcalInformationDivislon
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Sessions were controlled by the laboratory computer, and the dats analysis
followed each experimental session. The data were gathered over a period of 18
months in irregular order.

The observer initiated a triel by pressing a ready key. A trial comsisted of
a reference grating presented for 1.5 sec, an interstimulus interval of .75 sec,
and & test grating presented for 1.5 sec., All stimuli were stationmary with abrupt
on and offsets, and the phases of both the test and referemce gratings were
independently randomized on each trial. Onsets of both reference and test gratings
were cued by a tone. A response period followed the test stimulus and was
indicated by & beep and an LED alphanumeric display located to the side of the
screen,

The observer’s task was to decide if the test grating had a higher or a lower
spatial frequence than the referenmce grating. A two altermative forced choice
method was employed where the observer signaled a 'high’ or ‘low’ response by
pressing the appropriate key on a response panel. Following each response a
synthesized voice nnit (Votrax VSK) replied either 'high’, 'low’, or 'same’
indicating whether the test grating presented on that trial had been a higher
spatial frequency, s lower spatial frequency, or the same spatial frequency as the
reference grating.

Seven test gratings were employed during each session. Three were of lower
spatial frequency than the reference grating, three were of higher spatial
frequency than the reference, and ome was the same spatial freguence as the
reference., Test grating frequencies were chosen symmetrically about the reference
frequency. All reference gratings were presented at 30% contrast., Prior to the
sessions, 8 contrast matching experiment was done so that each test grating had the
same apparent contrast as the reference gratias.‘ In addition, on each trial
the contrasts of both the test and reference gratings were given small random
variations (betweem + 1 db) to further ensure that no contrast cues existed. All
test gratings were randomized and presented with equal probabilities. Each test
grating was presented 50 times. A session comsisted of 350 trials plus 20 imitial
practice trials that were excluded from the data analysis.

The probability of a 'high' response was fit to a cumulative normal
distribution described by two parameters, fc and Af. The value of £ g
the frequency at which the probability of a“'high’ response is .50, and Kf, the
just discriminable difference (jnd) in spatial frequency, is proportiomal to the
width of the normal distribution with a constant scale factor chosen so that the
probability of a correct respoamse is .75 when f—fc equals Af. (Af equals .68
times the standard deviation of the fitted normal distribution.) The fit was made
using the method of mazimum likelihood and also yielded estimates of the
statistical errors for both parameters. The estimated error bars were verified by
replicating a number of points over time. Chisquared values calculated for the
fits indicated good agreement between the fit and the data in all cases, and f
did not differ significantly from the reference frequency. ¢
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FINDINGS FOR OBJECTIVE 1:

ui [ spatial-freguencije inve se jon ve de

The spatial-frequency data for observer JH are plotted in terms of As (Figure
1a) and compared to the separation discrimination data shown in b, Also shown in
Figure 1b are results of a similar line pair experiment previously reported by
Westheimer (1979) (open symbols) which are comsistent with our observations. From
this figure it can be seen that the angular resolution As for both tasks is much
smaeller than the spacing between photoreceptors for medium and high spatial
frequencies. (As a2 point of reference, the size of a photoreceptor is estimested to
be about 30 secs of arc or .008 degrees.2)

SPATIAL FREQUENTY DISCRIMMINATION
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Figure 1. (from Hirsch, J. and Hylton, R. (1982) 'Limits of spatial-frequency

discrimination as evidence of neural interpolaticm’. J, Opt, Soc, Am. 72,
1367-1374.)
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In another set of measurements all gratings were presented as described above
except that the extent of sinusoidal modulation for both test and reference
gratings in a particular session was restricted to & region of constant angular
width less than the full screen. The phases were randomized as described above and
the modulation was abruptly reduced to zero outside the displey region. Both test
and reference gratings remained centered in the four degree field.

Figure 2 shows Af/f as a function of the number of cycles in the reference
grating for observer BA and spatial frequencies of 4, 8, and 12 cycles/deg,
Similar results were found for observer JH. 1In all cases it can be seen that the
Af/f function is independent of field size until the fied size becomes less than
two cycles, The scatter in the data for field sizes of two cyles and above is
consistent with the error bars on each point,

We interpret this as evidence that the spatial frequency discrimination was in
fact done by measurement of the separation between two visual features separated by
exactly one spatial cycle. 1In particuler, if the task were based on measurement of
the distance between two successive peaks, performance would degrade rapidly as
field size became less than two cycles becauvse a random sample of &8 sine wave
becomes increasingly less likely to contain two intact peaks as the sample width
decreases below two cycles., A sample containing only ome cycle camnot contain two
intact peaks.




010~

i

DISCRIMINETION w FILLD SI2E

Opserver B2
& cycas 7 oeg

008 -
006 -
-
~
- .
<
008 ~
. 'Y o ® 4
¢ .. .
oo2 ~
[X-DNEE W § 3 e 3 w 2 Lt 1
Number of Cyctes
®)
010~ .
.
o0 - 8 cycies / Oey
oos -
3
<
00 - * .
[y Py -~
*
sc2 -
0 8 2y e » ] ®©
Numper o' Cytes
)
o~ ¢
oo8 - 12 cyches 7 0eg
cos -
<
-
<
00 ~
P
ooz .
}
1 12 3 a © »®

Fi.2.  Fracuonal nd in spatisl frequency (Af/f1 as 8 function of field
size (number of cvcles 1n Lhe reference grating) for obaerver BA at 4,

8.and 12 c/deg.

umber of Cycoms
(c)

Hirsch, Joy
F49620~-83-C-0026

Figure 2, (From Hirsch, J. and Hylton, R. (1982) 'Limits of spatisl-frequency

discrimination as evidence of neural interpolation’,
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3. Spatjasl-frequenc iscrimination and 2-]line interval discrimination are not
smooth functions of spatijsl-frequency or jnverse separations

Disgrimination of spatiasl frequencies

Three observers (JH, BA, and MM) with unimpaired vision participated in the
experiment. Dsta from each are shown ip Figure 3. Values of Af/f (where Af is
defined above and f is the reference frequency) are plotted against the reference
frequency. Each point represents ome session and errors on each point are
estimates from the fitting procedure. The dats are clearly not & smooth function
of frequemcy but rather show a segmented structure for all observers. Further, the
dats are not well fit by a single straight line (chisquared confidence levels less
than .05 in all three cases).

Examination of the datas yields several significant characteristics of the Af/f
vs f function. First, the Af/f function can be divided into several segments, The
segments occur st approximately the same place for all observers, and are separated
by transition regioms where Af/f falls rapidly with spatial frequency. The
transitions sppear nearly regularly spaced in spatial frequency, repeating about
every four cycles/deg. Peak values of Af/f are about the same for each segment
across all observers, with a value of approximately .032., Within each segment Af/f
rises with spatial frequency (following the tramsition), and the points are
clustered around straight lines drawn through the origin., The slopes of these
lines vary systematically from segment to segment., Disregarding the segmentation,
it can be seen from Figure 3 that Af/f is essentially independent of spatial
frequency. This observation suggests that over the ramge of spatisl frequencies
studied the visual system on the average achieves a resolution which is 8 constant
fraction (approximately .025) of the size of the relevant visual characteristic,

Discrimination of sepsrations between line pajrs

This experiment was similar to the spatial frequency discrimination
experiments described above except that & single pair of very thin vertical limes
on a dark background wes presented instead of 2 spatial frequency grating. The
tesk for the observer was to decide if the separation between the test pair of
lines was greater or less than the separation between the referemce pair of lines,
Deviations of test separations from reference separations were controlled to an
accuracy of better than 10~4 degrees, and the center of each pair of lines was
independently randomized around the center of the display by + 1/4 of the
reference separation. In all other respects, this experiment was the same as the
spatisl frequency experiments. Datas from each scssion were anslyzed &s above to
obtain estimates of the center separation, the jnd in separation As, and the error
on each., The resuvlts for this experiment are shown for observer JH in Figure 3,
The fractional resolution in separation, As/s, is plotted against the inverse of
reference separation, 1/s,

i
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4, The discontinuities in the discrmination function sbove 4 c/deg sppeer to be

related to foveel photoreceptor spacing

The data shown in Figure 3 for spatial-frequency discriminstion and limne
separation discrimination were fit to & family of streight lines passing through
the origin. The slopes of the lines were equal to &/n where n started &t 1 and
incremented by integers over the range of separations studied. The lines represent
regions of constant jnd in separatiom, As,

Results of these studies for 3 observers and two types of experiments
suggested that As for the first segment was approximately 0.008 def for all cases.
Since 0.008 degrees is also the angular substance of a foveal comec we
suggested that the accuracy of spatial separation discrimination for seperatioms
between about 1.5 to 4.0 deg-1 was equivalent to photoreceptor spacing.

For inverse separations and spetial frequencies above about 4 c/deg the jnd in
separation As becomes progressively finer. For example by 8 c/deg the As is
reduced by a factor of 2 and by 12 c/deg the As is reduced by & factor of 3.

These results inspired the notion that the photoreceptor spacing in the fovea

may provide a type of geometrical ruler for spatial vision. Subsequent studies
have tested verious aspects of this notion.

5. e limit of spatjal frequency discrimination is approximatel 8 c/deg which
corresponds to a separation discrimination of approzimatel secs of arc

An experiment was performed to test the spatial-frequency limits of spatial-
frequency discrimination. Methods were as described above except that test
frequencies were matched for apparent contrast. Results are shown for observer JH
and indicate that in general the average fractional jnd remains around 0.025 out to
28 c/deg beyond which this observer or no other in the lab could continue to make
comparable spatisl-frequency discrminations.

Continnation of the family of lines drawn through the origin with slopes equal
to ¢/n as discussed sbove suggests that at 28 c/deg the jnd in spatial-frequency
discrimination As = 0,008/7 degrees (0.0011 degrees or approximately 4 seconds of
arc.)

It appears that in order to keep the fractional jnd approximately constant the
'spatial ruler’ of the visual system shifts to finer and finer spatial scales with
increasing spatial frequency. In fact, from approximately 4 to 28 c/deg at least 7
levels of hyperacuity performance cen be identified based on the fundamental foveal
center~-to—~center spacing as the metric.

—— A
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SPATIAL FREQUENCY DISCRIMINATION
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OBJECTIVE 2: TO STUDY BOW SPATIAL-FREQUENCY DISCRIMINATION VARIES AS A
FUNCTION OF STIMULUS ORIENTATION.

In the above study we reported that discriminating between spatial frequency
of suprathreshold sinusoidal gratings near and above four cycles/degrees (c/deg) is
a task involving spatial hyperacuity, angular resolutions finer than the center-to-
center spacing of foveal photoreceptors.4 Further, the magnitude of the
byperacuity thresholds were related to the center—to—center spacing of
photoreceptors. We suggested that this relationship was doe to a cortical
representation of the image that directly reflected the organization of the retinal
pbotoreceptor lattice. A logical consequence of this argument is that the two
dimensional properites of the coritcal mechanisms which process spatieal information
should also reflect the two dimensional organization of the photoreceptor lattice.

Methods and Procedures for Objective 2

Two different tasks were employed: discriminating between spatial frequencies
of suprethreshold sinusoidal gratings and discrminating the direction of the
vernier offset of two marrow lines, In both experiments stimuli were
electronically generated on an oscilloscope screen (Tektromix 606). A sinmgle
experimental session measured & threshold for a particular orientation, so that the
orientation of all patterns remeszined constant during each session., Different
orientations were set for different sessions by physically rotating the display,
which was a 4 deg circular field set in 2 12 deg circular surround metched in hue
and brightness to the central display field. The orientation for each session was
chosen in an irregular order separately for each observer and task, Observers in
both experiments were seated 150 cm from the stimulus screen, Head stabilization
was achieved by a chin and forebead rest modified to also include bilateral head
supports,

a egue

In the case of the spatial frequency discrimination experiments sinnsoidal
gratings were displayed at 30% contrast. Each session employed a constant
reference frequency and a set of nine test frequencies chosen symmetrically around
the reference., Each trial consisted of a .75 sec presentation of onme of the
grating, a .75 sec interstimulus interval, and s .75 sec presentation of one of the
test gratings. Spatial phase was randomized or each presentation for both
reference and test gratings independently. The order of test presentations was
randomized according to the method of constant stimuli and each test pattern was
presented 50 times. Following each trial the observer indicated whether the test
frequency was higher or lower than the reference and was given feedback by
synthesized voice indicating the true relationship. The probability distributions
were fit to a cumulative normal distribution and the just noticeable difference
(jnd) in frequency (Af) was defined as the change in frequency necessary to
increase the probability of a correct response from .5 to .75, The fitting
procedure also estimated the statistical error in Af.
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Vernier offset task

The vernier offset experiments were identical in all respects to the spatial
frequency discrimination experiments except that each presentation of a grating was
replaced by the presentation of a vernier discrimination target comsisting of two
narrov line segments each .25 deg long separated by a gap of .25 deg., For the
reference pattern the two lines were collinear while the test patterns had small
perpendicular offsets., The overall position of the target was randomly offset from
the center of the screen for the test and reference patterns independently on each
trial by up to .2 deg. The task of the observer was to determine the direction of
the vernier offset, and the jnd in offset (Ao) was determined as for Af.
Orientation for different sessions was again varied by physically rotating the
screexn,

FINDINGS FOR OBJECTIVE 2:

Spatial-discrimination and 2-dot vernier acuitv show both 8 sguare component 0
degree bjas) as well as a hexagonal component degree bjas) as a function of

stimulus orientation
Spatial freguency

The results of the spatial frequency experiments are shown on the top of Fig.
5 for observer SC at a reference frequency of 4.0 c¢/deg and for observer JH at a
reference frequency of 4.5 c/deg. The figure shows the fractional jnd in spatial
frequency Af/f (f is the reference frequency) plotted against the orientation of
the grating where an orientation of 0° corresponds to the usnal vertical
grating. The data are clearly not constant but show significant variation with
orientation, Multiple dats points are repested measurements over time and show
good - tability,

Vernijer

The bottom of Figure 5 shows the results for the vernier discrmination
experiments for the same two observers with the gap in the vernier target equal to
.25 deg, also chosen in the expectation of a maximal hexagonal offset. The vernier
offset thresholds are plotted against the orientation of the stimulus with an
orientstion of 90° corresponding to the usual vertical vernier target. This
choice is not arbitrary but is required to align the vernier discrimination data
with the spatial frequency discrimination dats. The vernier thresholds slso
clearly depend on orientation and are stable over time as indicated by multiple

determinations,
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We find that the orientation dependence of the dats presented above comsists
of the sum of two periodic components, ome with hexagonal symmetry (60° period)
and barmonics thereof and the other with square symmetry (90° period) and its
barmonics,

The decomposition of the total orientation dependence into hexagoneal and
square components is shown by the smooth lines (Figure 5), The middle plot in each
of the four parts shows the fit to the hexagomal + square model., Immediately above
and below each fit is separately plotted the hexagonal and square component
respectively. There are a number of noteworthy features. First, the phase of the
hexagonal components are fairly closely aligned across tasks and across observers,
having 2 minimum near 900. While this oriemtation represents a vertical vernier
target, the corresponding grating is horizontal, This is am important observation
since it demonstrates that the orientation on which the hexagonal component
primarily depends is not the orientation along which the jnd is being measured (the
jnd's are measured along orthogonal directions for vertical vernier targets and
horizontal gratings) but some other direction, and & possible explanation is given
below. The square compoment for the vernier data also bas s minimum near 90°
(and 0°), The square components for the spatial frequency data (which are oly
marginally statistically significant) seem to be more octagonsl {(period = 459)
than square.

The results above show that a model consisting of the sum of a hexagonal plus
a square component, each with even symmetry, is sufficient to explain the observed
orientation functions reported here, and both components are necessary within this
model. The necessity of the hexagonal and square components can also be
established in a very strong model independent manner, leading to the conclusion
that it is essentially impossible for any model which lacks either compoment to fijt
the dats.

These results demonstrate that the hyperacuity threshlds reported here display
an orientation anisotropy having componments with both hexagonal and square
symmetry. This effect cannot be an artifact since our display apparatus was
circularly symmetric. Although a square compoment or ‘oblique effect’ is most
often reported in spatial tasks as a function of orjentation (Mitchell, Freeman and
Westheimer, 1967, Matin and Drivas, 1979, Tyler, 1977, Appelle, 1972). Caelli
al, (1983) have recently reported spatial frequency discrimination data that also
clearly show a strong 600 periodicity for ome observer and what appears to be a
mixture of 60° and 90° components for other observers.12 Since in our
study, two quite different tasks, spatial frequeancy discrimination and vernier
offset discrimination, both show a hexagonal component we conclude the underlying
cause must be general. Extending arguments made previously, we attribute the
hezagonal orientation anisotropy of hyperscuity to the existence of a cortical
representation of an image, which we refer to as a ueural lattice, that preserves
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OBJECTIVE 3: TO DETERMINE TRE LIMITS OF SPATIAL-FREQUENCY DISCRIMINATION FOR
VERY LOW SPATIAL FREQUENCIES,

Previously we reported that the ability of human observers to discriminpate
between different spatial frequencies was not a smooth function of frequency but
rather had a definite segmented structure.4 We interpreted this structure as
being due to reconstruction of the images on a2 set of cortical lattices with
discrete effective spacings of e/N where ¢ was found to be the foveal lattices with
photoreceptor spacing (~ 0,008 deg) and N was an integer factor attributable to
cortical interpolation. However these previous results were restricted to spatial
frequencies above 2 cycles/degree (c/deg) and our model did mot deal with lower
frequencies. In this study we extend our measurements to frequencies as low as 0.3
c/deg and the model to all visually accessible spatial frequencies.

Methods and Procedures for Objective 3

The methods used are identical to those previously described except that the
gratings consisted of narrow bright lines on a dark background rather than
suprathreskold sinusoidal gratinmgs. Briefly, each experimental session employed &
fizxed reference frequency and either 7 or 9 test frequencies chosen symmetrically
around the reference frequency. Each trial consisted of the presentation of &
reference grating for 0.75 sec, an interstimulus interval of 0.75 sec, and a test
grating for 0.75 sec. The observer responded by indicating whether the test
grating had a higher or lower spatial frequency than the reference. Following each
response a synthesized voice indicated the correct choice., The test and reference
phases were independently randomized on each trial and test frequencies were
randomized together according to the method of constant stimuli. There were
usvally 50 trials per test stimulus and at least 40. Distance from the observer to
the display, a Tektronix 606 monitor, was varied so that there were always at least
3 lines on the screen, Head stabilization was achieved by adjustable chin and
forehead rests with snug cushions on both sides of the head. Viewing was central
but with no explicit fization target. The data from each session were fit to a
cumulative normal distribution to determine the just noticeable difference (jnd) in
frequency Af, defined as the change in frequency mecessary to raise the probability
of a correct response from 0.5 to 0.75. The fitting procedure also provided an
estimate of the statistical error in Af for each session. Following our previous
work, we consider the separation between bars s = 1/f as the critical stimulus, not
f. BHowever in what follows we will generally use f and s interchangeably,

Further, we have shown that As/s = Af/f, and note that the ipverse of separation is
dimensionslly the same as spatial frequency.

FINDINGS FOR OBJECTIVE 3:

- 8 e
However, the fundamental sampling unit appears to larger than the photoreceptor
center—to—center spacing .
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Figure 6 shows the results of this experiment for four observers: GC. CS. SC
and SR. The fractional jnd in snatial separation As/s is plotted against the
inverse of spatial separation s where s = 1/f is the distance between lines in the
grating. The data are clearly not smooth functions of frequency but cluster around
straight lines drawn tbrough the origin, with transitions between the line segments
occurring regularly at about every 0.6 ~ 0.7 c¢/der. This segmented structure has
been seen previously at higher spatial frequencies (above 2 c/dep) where the
spacing between transitions was about 4 c/deg.
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As shown in our previous work a straight lime passing through the origin in
the Af/f vs f plane is a region in which the jnd in spatial interval As is
constant. Thus the segments of slope e&/N are regions in which there is a constant
spatial jnd As = g¢/N. Following our previous work we attribute each segment to the
existence of & cortical lattice with effective spacing ¢/N. For N = 1 the cortical
lattice has the same effective spacing as the retinel spatial sampling lattice
while the higher N lattices are constructed by interpolating between the retimal
samples onto a cortical lattice with a spacing N times finer than the spacing of
the retinal lattice., This scheme represents a highly efficient use of the retina
to cortex connections.

For the high frequency band (above 2 c/deg) the fundamental spacing ¢ was
found to be about 0.008 deg or one photoreceptor. N may be as high as 8 (taking
~32 c¢/deg as the high frequency limit), although it would be very difficult to
prove that all the intermediate values of N exist. For the frequency band from 0.3
to 2 ¢/deg (which we call the mid-frequency limit), ¢ is about 0,0056 deg or 7
times the spacing of the photoreceptor and N goes from 1 to 4. We attribute this
value of ¢ to the existence of &8 class of retinal receptive fields, the mid-
frequency spatial sampling fields, which have a center—-to-center spacing of 0.056
deg. These ficlds have two functions. First, they perform a spatial sampling
function analogous to that of the photoreceptor, reducing a continuous luminance
distribution to a finite number of measurements per unit interval for tramsmission
to the cortex, but on a larger scale and thus drastically reducing the number of
fibers required in the optic nerve. However, cortical interpolation between
samples is impossible unless the image is sufficiently blurred to excite at least
three sample points (in one dimension) (Barlow, 1979, Westheimer, 1979, Fahle and
Poggio, 1981). For the high spatial frequencies this blurring is performed by the
optics of the eye (Campbell and Green, 1965), For the mid-frequency band the
blurring must be accomplished neurally by overlapping the spatial sampling fields
to 8 considerable extent. Thus the widths of the fields must be several times
their center—to—center separation or sbout 0.1 ~ 0.2 deg full width at half maxzimum
for the excitatory center (Barlow, 1964). This is in reasonable agreement with
previous psychophysical estimates of receptor field sizes. For example, Wilson and
Gelb propose a model having a discrete set of 6 receptive field sizes of which one
bas a2 center spacing of 0.055 deg (with & 0.25 octave observer to observer
variation) and another has a center spacing of 0.047 deg, both quite comparable to
the values reported here (Wilson and Geld, 1984), The receptive field widths
estimated by Wilson and Geld (1984) are also comparsble to our somewhat poorly
constrained estimates.
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OBJECTIVE 4: TO INVESTIGATE THE QUALITY OF THE PRIMATE PHOTORECEPTOR LATTICE
AND RELATE THE STRUCTURAL PROPERTIES OF THE FOVEAL RETINAL MOSAIC
TO TBRE ’'NEURAL METRIC' EMPLOYED IN HYPERACUITY TASKS.

To study the question of photoreceptor lattice quality we have anmalyzed the
foveal cone mossic from an adult primate (Macacs fascij i using a section
taken tangent to the external limiting membrane (ELM) close to its scleral side
(Miller, 1979). This section as shown in Figure 7.

Fig. 7. Cone inner segments at the central fovea in the retina of the monkey.
Macaca fascicularis shown in a photograph of a 1 um thick section tangent to and on
the scleral side of the external limiting membrane. Center-to—center distance of
cones is 3 um, From Miller (1979) with permission.

Figure 7. From: Hirsch, J. and Hylton, R. (1984) 'Gualtiy of the primate
photoreceptor lattice and limits of spatial vision.’' Yjsion Res, 24, 347-355.

Methods and Procedures for Objective 4

Our analysis is based on measurements of tkhe positions of the centers of about
100 cones inner segments in the central fovea. This lattice was chosen for
analysis rather than that published by Polyak (1957) and studied by Yellott (1982)
because the Polyak lattice is a photograph of a whole mount that appears to be
focused near the level of the outer segments. The outer segment locations are
irrelevant for positionial analysis since the outer segments are basically light
guides for photons that enter the cones at the inner segments. The outer segments
may also be subject to substantial positional distortion since they are embedded in
s semifluid extracellular matrix. In contrast, the positions of the inner segments
are fixed at the ELM by desmosomes, after which they taper and increase in
refractive index to become light guides, providing the mechanism by which the cones
form separaste optical channels, Thus the inner segment at the ELM is the spatial

’
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sperture of the cone for its photon catching function and its position specifies
cone location for the purpose of image reconstructicn. We further note that the
Miller lattice displays clearly higher spatial quality than the Polyak lattice.
Given the unlikelihood of accidentally introducing order into am imnitislly
disordered lattice, the more orderly lattice must be more representative of the
intact retina.

FINDINGS FOR OBJECTIVE 4:

The primate fovea hotoreceptor lattjce jis a bhi egular hexagonal a of
cones

Figure 8 shows a histogram of the distances between the centers of all pairs
of photoreceptors in our sample. There is & very distinct peak corresponding to
the nearest neighbor distance (which we call ring 1). The rms width of the peak
(standerd deviation of the nearest neighbor distance) is .077 times the mean
separation between nearest neighbor photoreceptors and drops to .070 when the
contribution from our measurement error is removed. This is comparadble to the
mazimum tolerable spacing error (.078) estimated below from human psychophysical
results,

Figure 9 shows a histogram of the angles between the horizontal axis and the
lines connecting the center of each photoreceptor to the center of its mnearest
neighbors where nearest neighbors are defined as any pair whose center to center
separation is less than the maximum nearest neighbor distance shown in 8a, This
figore shows a well defined set of direction with hexagonal symmetry (60°
spacing) which determine the orientation of the lattice, and is consistent with
previous qualitative observations of retinal structure (Borwein et al., 1980,
Polyak, 1957).

By specifying the mean nearest meighbor distance and orientation of the
lattice we have fully determined the basis vectors for the lattice (Kittel, 1971).
We then make the following calculations. For each photoreceptor we take its center
to be the origin and use the nearest neighbor distance cut to locate its mearest
neighbors. We then measure the difference between expected and actual positions
for the photoreceptors just assinged to the ring of nearest neighbors assuming a
perfect hexagonal lattice with the basis vectors determined above. The nearest
neighbor distance cut is then used again to move out from the nearest meighbors to
the ring of second nearest neighbors and again we measure the error in actual
position versus the expected position for a perfect hezagonal lattice centered on
the original photoreceptor. VWe continue this process until all photoreceptors have
been assigned to soe ring and their errors computed. The process is then repeated
with a new photoreceptor at the origin. Figuie 9 shows & graph of the variance
(mean square error) in relative position as a function of ring number. The data
have been normalized so that the mean nearest neighbor photoreceptor distance (rinmg
1) is 1.0. Ve plot separately the components of variance parallel and
perpendicular to the lime which joined the photoreceptor at the origin and the one
being tested. The parallel component corresponds to errors in separation while the
perpendicular componment corresponds to errors im orientation. The variance
increases linearly with distance (ring number), comsistent with accumulating
uncorrelated errors, and the parameters of the best fit straight lines are given in
Table 1.

———— -
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If we define the positiomal correlation length of the lattice 2s the distance
between two lattice points at which the rms spacing eror equals the lattice
spacing, then the correlation lengtk for the parallel component is 178 + 7
photoreceptors and for the perpendicular component the correlation lenmgth is 133

+ S5 photoreceptors.

Table 1

Parameters of Best Fit Lines

Variance® vs Ring Number

Variance® Slope Intercept X af Conf.
Dncorrected

parallel .0056 + ,0002 .0001 + .0006 8.8% 6 .18
perpendicular .0075 + ,0003 .0021 + 0009 2.60 6 .86

sVariance is expressed in units of square mean inter—neighbor distance.

The fundamental spaci ror o e lattjce is matched to the [+) jcal
its © ositiona] uncertai

The first isolated distribution in Figure 8a is the distribution of distances
of all nearest neighbors, Normalized so that the mean distance, d, is 1.00, the
RMS for that distribution is .07 (d). This width is the fundamental spacing error
of the lattice,

The psychophysical limits of positional uncer-tainty for interval
discrimination tasks is determined from a cummulative normal fit to the
psychometric function where a jnd is defined as the range of test separations
within 0.68 standard deviations. Two important observations for this argument are
shown in Figure 4: 1) over-all (disregarding the fine structure of the spatial
frequency discrimination function) the fractionel jnd is constant at adbout 0,025,
and 2) the limit of spatial frequency discrimination is about 28 c/deg.

senmmaclh o SRR




23 Hirsch, Joy
F49620-83-C-0026

The following argument relates the lattice error snd positional uncertesinty of the
visual system.

1. The fractional jnd in spatial frequency is equivalent to the fractional jnd in

separation:
Af = As
b3 s
argument ;
a) separation = 1/frequency
s = 1/f
b) differentiating# (minus sign is neglected since it
2 has no meaning in this context)
As = Af/f

¢) rearranging terms:
Note: this equation is a
Asf = Af/f straight line pessing through
the origin when As is constant
d) substituting for f:

As/s = Af/f

2., Fractional jnd = 0.025, See Figure 4,

As = 0.025 (s)

3. Convert the jnd As to standard deviation umits os.

os = ( 0,025 )s
0.68

os = 0.037 s
4, At the limits of spatial frequency discrimination ( 28 c/deg)
s = 0,04 deg (1/28 degree)
os = 0.037 (.04 deg)

5. A separation of 0.04 deg is equivalent to the distance subtended by 4.5
photoreceptors (dcc = 0,008 deg)

6. Assume that spacing errors accumulate proportionally to the square of distance

cs = 0.037 4.5
= 0.078

7. Therefore the lattice spacing error, 0.07, determined above is reasomably
matched to the psychophysical limits of positional uncertainty 0.078,

Note: This argument is presented in more detail in Hirsch and Byltom, 1984.

—e
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OBJECTIVE 5: TO DEVELOP A MODEL OF SPATIAL DISCRIMINATION BASED ON SPATIAL
PROPERTIES RATHER THAN CONTRAST.

1. The scaled lattice model for spatial tasks involvijn eometrical judgements

was proposed based on the photoreceptor lattice es the fundamental 'ruler’ for
spatial vision

¥We present bere an outline of the scaled lattice model of spatial vision. The
development of the model is in an early stage and there are major aspects which
need to be further addressed experimentally. Notably, we meglect binoculer vision,
two dimensional considerations, temporal effects, and the interactionm between
multiple simultaneously present spatial scales. However the following provides a
listing of some important elements and a basis for future development.

a., Retinal images are optically blurred and sampled by photoreceptors. Imn
the central regoin of the retina the output of each photoreceptor (perhaps after
convolution with some local weighting function designed to remove low frequencies)
is then transmitted to the cortex for further processing. Over the central and
larger regions photoreceptors are pooled into regularly spaced spatial sampling
fields with overlapping excitation functions designed to remove high frequencies
and provide sufficient neural blurring to allow interpolation between field
centers. Only one output per spatial sampling field is transmitted to the cortex.
There are presumably a sequence of classes of spatial seampling fields of increasing
center—to-center spacing with the spatial extent covered by each class presumed
proportional to the spacing of that class. That is, the optic nerve per each
photoreceptor sampling and all the classes of receptive field sampling coexist in
the central part of the retine but the coearser samplings extend to greater
eccentricities. The point of this scheme is to efficiently encode the position
information in the retinal image by sampling near the sampling limit for multiple
scales of sampling allow more detail to be emncoded at smaller eccentricities,.

b. The image is reconstructed in the cortex for a given sampling scale by
interpolating between sample points onto a2 neural lattice whose spacing is an
integer (N) times finer than the sample spacing. Note that there is no information
in this reconstruction that was not present in the original sampling., The neural
lattice (with N > 1) basically represents an unpacking of the highly encoded
information in the original sampling into a form in which the position information
is more accessible, with higher values of N allowing more detailed unpacking and
hence more accurate localization of the features of the image, The interpolation
mey include comvolution with 8 function designed to enhance some aspect of the
image or to remove frequencies too low to be of interest. The total spatial extent
of each lattice is assumed proportional to the effective lattice spacing, resulting
in an apparent inverse cortical magnification factor that is a roughly linear
function of eccentricity.

¢. The positions of local features such as peeaks or perhaps points of
inflection are determined to the nearest lattice point by comparing neighboring
points in the neural lattice. For example, peaks can be localized by testing three
successive points to see if the sign of the slope has changed,

.
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d. Spatial intervals are measured by counting points in the neural lattice
between the features located above. Assuming the localization procedure is
sufficiently accurate, the error (jnd) in the spatial interval will then be
dominated by the effective spacing of the meural grid. Thus the neural lattices,
which are derived from the photoreceptor lattice, serve as rulers of differing
scales for the measurement of spatial intervals (Hirsch and Hylton, 1984a and b).

e. There exists an avtomatic scale selection mechanism which chooses the
sampling scale and interpolation factor such that the effective lattice spacing i
roughly proportional to the spatial scale of the measurement, Thus As/s is rough
constant, where As is the spatial resolution and s is the spatial scale. The
motivation of this scaling is to keep the total number of elements required at a
tractable number independent of the image size,
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Figure 10 is an illustration of the scaled lattice model. For clarity we show
only the fundamental photoreceptor sampling and a 3:1 imterpolation. Part a) shows
the external luminance distribution, a delta function., Part b) show; the luminance
distributin after blurring, and c¢) shows the sampling of the image by the
photoreceptors. Part d) represents the interpolation process, which accepts the
coarsely sampled input from the photorecpeotrs and produces a more finely spaced
sampling on the neural lattice (e). We have drawn the neursl unit spacing as 1/3
the photoreceptor spacing, but in gemeral it can be 1/N where N is an integer.

Part f) illustrates local feature detection on the neural uvmit lattice, showing a
peak detector (square) receiving imput from three adjacent neural units. Part g)
is & possible realization of a position independent separation detector using
pre—counted intervals for speed. The separation detector performs the function
Peak (x) and Peak (x + 5) ORed over all x, and would have many properties ususlly
attributed to spatial frequency selective channels with spatial summation.

* SCHEMATIC MODEL OF POSITION PROCESSING

- |

Fic.3  Schematic of the scaled latrice model.

Figure 10. From: Hirsch, J. snd Hylton, R. (1984) 'Orientation dependence of
bhyperacuity contains components with hexagonal symmetry.' J, Opt, Soc, Am. A4, 1,
300-308,
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